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By LowellM.Bcd-lhgerandDavidT.Williams

suMMARY

The results
onBunsen-burner

ofa studyofthestability ofyropane-airfUunes
tubesarepresented.Fuel-airrati.ojtubediameter,

endReyncldsnumberweretkeprimaryvariables.Regionsof stability
areoutlinedinplotsoffuel-airratioasa functionof~e~olds
numberforflameseeatedon theburnerlipandfor$l–&mesmn%&dbd
wellabovetheburner.

Forfullydevelopedfluw,turbulentaswellas lam~nar,the
velocitygradientat thaburnerwallisa satisfactoryvariablefor
correlatingthefuel-airratiorequiredf’orblow-offof seatedflames
forfuel-airratiosof lessthan15percent.For”turbulentfbesJ

wall velocityservesasa cofirelatingvariableinthesamefuel--air
ratiorange.

INTRODUCTION

Thestabilityofburnerflameshasbeenstudiedby Lewisand
vonElbe(reference1),andvonElbeandMentser(reference2). In
referenco1 thefuel-airratioatwhicha laminarBunsenflameblew
offtheburnerlipwasdeterminedby tilevelocitygradtentat the
burnertubewall,independentoftubediameter.

As partofa programoffundamentalcombustionresearchat the
NACAClevelandlaboratory,an investigationof tiefactorsaffe~ti=
flamespeedandstabilityisbeingundertaken.A preliminarystudy
of theeffectofturbulenceon combustionisreported.Theinvestiga-
tionconsistedofthestudyafthestabilityofBunsen-typeflames,
seatedontheburnerlipandsuspendedabovethebuner~burni~in
turbulentflow. Theva&iableschosenforthestudywerethef“uel-
airratio(byvolume)aidthemixtureflm ratesatwhichtheflame
wouldblowoutor leavetheburnerlip. Thesevariableswere
appliedtoburnertubesofvariousdiameters.Theseexperiments
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providean extensionofpartofthemeasurementsofreferences1 and2
intotheregionof turbulentflow. An exyresslonforwallveloolty
gadientobtainedfromreference3 wasusedforthisextension,

APPARATUSANDPROCEDURE

Thearrangementoftheapparatusis showninfigure1. The
fuelusedwascommercialgaseouspropane.M analysisofa sample
showedat least98percentsaturatedhydrocarboncontent.The
oxidantwasairwitha relativehumidityofapproximately15percent.
ThecapillaryflowmetersF, formeasuringthepropaneandairflows,
werecalibratedwitha wetdisplacammtmeter.Forlargeairflows,
a 0.199-inchthin-plat6orificewasused. Theorificeflowcoeffi-
cientwascorrectedtomakethe~*eadingsconsistentwiththoseof
thealrcapillaries.

TheBunsenburnerswarea seriesof sixsmoothseamlesssteel
tubes,whichwerelongenoughtoformfullydevelopedpipeflowat
theoutlet;-Thedimensionswereasfollows: ..

Nominal Inside Lengtl+LL/d
diameterdiameter,d (Om)
(in.) (cm)

3/16 0.469 110 235
l/4 .626 125 200
3/8 .943 215 228
5/8 1*579 215 136
7/8 2.220 220 99
9/8 2.843 215 76

A oollarwassoattachedtotheburnerllpthattheflameissued,
ineffect,froma holeina plateofabout3-lnch””d~amet6r.-TM -
tubeswere cooledat theoutletby useofa waterjacketthatwas
maintainedattheinlet-airtemperature.A shortsheet-steelcolumn
12inchessquarewasputaroundtheflameto shielditfrcmdrafts.
A glasswindowinonesideofthiscolumnpermitteddirectobserva-
tionoftheflame.

Foreachburner size,thefuelandalrflowsweresetat values
forwhichthedesiredtypeof stableflahecouldbe obtained.The
airflowwasthenslowlychangeduntiltheflamewasno longerable
toburninthepositionunderinvestj,gation.At thispointthemano-
meterreadings indi,catlng thefuel-flowandair-flowrateswere

●
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recorded.Alldataweretakenat isea-l~velpressureandroomtem-
peraturesvaryingfrom25°to 33°C.

QUALIT.MUVECONSIDERATIONSOFFLAMESTABILITY

Definitions.- Twotypesofflamewe~eobtainedwiththeBunsen——.——
burner.@e wastheusualBunsen
theotherwasa fbxaesuspendeda
burner,Photographsillustrating
infigure2.

Definiteflowcondtticnsand
Bunsenflame-canburnseatedona

flameseatedonthe”burnerlip;
numberoftubediametersabovethe
thetwotypesofflameareshown

fuel-airratiosexistforwhicha
burnerlip. Ifthefloworfuel-

airratiois sufi’icientlychanged,thef~e eitherblowsoffthe
burnerliporflashesbackintotheburnertube. Inblmingoff,”
theflamemayeithercmpletelyblowoutorriseto theposition
of thesuspendedflameandconttietoburn. similarlya.Sufficllmlt
changeinflowconditionscausesa suspendedflameeithertoblow
out completelyor $zmpbacktotheburnerlip. Thetermsblow-off,
flash-hack,blow-out,andjump-backwillbe usedhereinas just
defined.

Stabilityconsideration.- A Jetoffuel-airmixturemaybe
cmmideredtobe sep~atedfromtheregionofstationarypureair
by a mixingregion.Withinthemixingregion,thegasvelocity
cmtinuouslyvariesbetweenthatintheinteriorofthejek”and”KhG”-
zerovelooityoftheairoutside,

Ina similarmannerthecom~ositionofthegasinthemixi~
regionvariesbetweenthecompositionof thejetandthatofthe
outsideair. A flamespeedwillcorrespondto thefu@-airratio” “:””““””-”
at eachpointinthetii~ region. .

Thebaseofa seatedpropane-airflame,fromwhichtheflame
spreadetotherestoftheflamefront,hasbeenobservedtobe
about1 millimeterabove theburnerlipenda smalldistanceout-
sidetheburnerradius;hence,thebasemaybe consideredtobe
withina mixi.~i-egfon. If thelocalflamespeedatanypointin
themixingregionis gyeater than the local velocity, “theflame
tendstoflashbaoktotheburnerlip andthetube.As theflame
laseapproachesthellp,theeffectzveflamespeedat thebase
decreasesbecauseofthecoolingandreactionque~chingeffectsof
theburnerwallsandtheflamemaybe preventedframflashlngback
(reference1).
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A flameburningjma stablemannertia burnerlipisf’irst
considered.IfflowvelocityintheJe’&isthenincreasedwithout
changeoffuel-airratio,allt,helocalgasspeedsInthemixing
regionwilllikewisebe increasedu.ntiljwhenIneveryregionthe
I.ocalflowvelocityisgreaterthanthelocalflamespeed,theflame
willblowoff. Ifthefuel-air’ratioIntheJetisthenincreased
withoutchangeof Jetspead,thefuel-airratio wI1lincreasethrough-
outthemixingregion.Thestratanearestthestagnantair,in
partfculcu?,w1llbe enricheduntilthelocalflamespeediaasgreat
as therelativelylowlocalgaaspeeds.At thatpoint,theflemo
canagainbe stableontheburner.Thisrough analy~ieprodict8
thattheblow-offspeedwillincreeaewhenthefuel-airratioin~he
jetincreases.

Theblow-offofsuspendedflamesisSovernedina similarmanner.
Thebaseofthesuspendedflemeis ina portionofthemixin~region
wherethelocalflemespeedisasgreathethelocalJotvelocl.ty,An
increasein fuel-airratioIntheJetcatieean increaseinfuel-edr
ratiothroughoutthemixingregionanda correspondingIncreasein Jet
velocityisnecessarytoblowouttheflame.Hereagain,theblow-off
speedwillincreasewithincreasingJetfuel-airratio.

Fhmes mayburnsuspendedon lemfnar orturbulentjets.The
mixingcharacteristicsofthese~etsgovprnthepositionabovea
burneratwhicha flameremainsstable.TheturbulentJetmixes
rapidlywiththeoutsidoairandproducesa positionfor8table
burningvaryingfromabout1 to 10tubediametersabovetheburner.
Thepositiondependsuponfuel-airratioandflowconditions.In
general,thisposition.movesupwardesflowcond.ltionsarechanged
fromjunp-backtowardblow-out.hiixin~inthelaminarJetIsslow,
however,andonlybemmesrapfda certaindistanceabovetheWrner
wherethejetbreaksdownintoturbulence.A flamecaqr-in stahlo
ontheleminar jetonlyabovethispoint.Ignitiontrialsindicated
that,ata positionalongtheoutsideof the leminarpartof the jet,
thevelocttyandthefuel-airratioareconducivetoburning.The
surroundingveloottyandfuel-airratiofloldsareso constructed,
however,thattheflameisunstableatthispositionendwill.either
jumpbacktothelnmnerlipormoveup to theturbulentpartoftho
jet, ThepositionofstableburningontilaminarJetcanthersforo
varyonly betweenthepointwheretheJetbecomesturbulentemd
severaldiametersabovethispoint.Inthecasesinvestigated,the
suspendedflameonthelamtnarjetwasalwayshigherthantheflame
ontheturbulentJet. Figures2(b)and2(d)illustratethis
observation.

*
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EXPERIMENTALRESULTS

A comprehensiveviewoftheregionsofstabilityoftheBunsen-
burnerflamea3 observedintheseexperimentsisprovidedinfig-
ure3 fortubesof5/8-andl/4-inchdiameters.Thedataareplotted
intermsoffuel-airratiointhetotalmixtureby volumeagainst
Reynoldenumber

where

d burnerdiametcn-

R Remoldsnumber

u averagevelmity

v viscosity

P mixturedonslty

R pdU=—
v

Arqvconsistentsetofunitsmaybe used. Forthecomputationof
Reymlds.nmuber R andothervariables,itwasassumedthat
viscosityIL variedlinearlywithfuel-airratio.Withthe
5/8-inchtubeoffigure3(a),intheregionmqrkedA, theflame
doesnotburnsteadilyat theburner.mouthbutflasiesba”ck”into
theburner.Thisregionliesnear.thestoichtametricfuel-air
ratio(4.02percent)amdreachesa maximumvalueofReynoldsnumb”er
atmixturesa littlericherthanstoichiometric.CurveB isthe
blow-offcurve,thqtZs,theboundarybetweentheregionwhere
burningisstableat theburnermouthandtheregionwherethe
flameblowsoff;theblow-offregionis to therightofcurveB. .-L
Curvessimilarto thesearepresentedinreferences”land2 for
laminarflows.

WithintheregionbetweenthecurvesC and C’, a flamecan
burnstablyinthesus~Jendedposition.No suspendedflamecouldbe
obtainedon thelaminarjetforthistube. ThecurvesC and C’
weredetemtnedby obtaininga stablesuspendedflameandthen
changingtheairflowuntilthoflameeitherblewoutor $xnpedback
tothelipoftheburner.Thusjbe>ow C theflamewillblowout
andabove C’ Itwill,jumpback. It is”interestitito observethat

—.

abovea Reynoldgnmber-of-7600
burnerwhenthefuelpercentage

theflamewI1l
istooleanto

be sableabovethe
burnat thelip,
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BetweenReynoldsnumbersof3000and76d0,thereverseiEJtrueand
theflameisstableat thelipwhenthemixtureistooleantoburn
abovethetube. IntheregionabovecurveB alsolylngbetween
C and C’, thefhms ifistableeitherat theliporabovethetube,
de~endinguponthepoimtatwhichIt Is ignited.

l?i~lre3(b)show correspondingcurvaeforthetubeof l/4-inch
d’imoeter.rfhef~as]l-backc~ve suchas“enclosesregionA offiG-
ure3(a)couldnotbe obtainedwiththisburnerbecausethefuel
flowrequiredwagbelowthelimitoftheflowmeter.Forthistube
suspendedflameswereobtainedforIauinarandtransition,aswell
as turbulent,flows.In thedataobtainedLworegionsappearto
coincideata ReLynoldsnumberofabout2’800;thatis,by increasing
theReynoldsnumberata fuelconcentrationof 18percent,theflame
wouldpassfromoneregionintotheother.Theflamecannotmake
thiBtransition,however,becauseitsFositionofstableburningfor
thistubeismuchhigherinthoragfl.oncl-cl‘ thanin C-C’.

Noquantitativeanalyaieofthestispendbdflamehasbeennmde.
Itmaybe signl.ficant,however;thatwhentheblow-outpointsof...the..
turbulentsuspendedflameareplottedon logari~lmricpapertheyform
a straightline,Theslopesof thethreebl~w-autlinegobtained
areallapproximately1/2,theslopesbeing0.491,0.475,and0.541
forthe3/16-,1/4-,and5/8-inchtubes,respectively.TWOofthese
blow-outlinesaregiveninfigure3. ‘

Figure4 isa plotoffuel-airratio-forblow-off:of$heseated
flameagainstReynolds-numberforsixburner’”tube~ofdifferent
sizes.Nodatawereobtainedforlaminarflowsforthe3/16-l.nch
burner.Thelowerlimitto thedataobtainedwasinposedby the
lowerMutt Orthe~uelf’lowmeterandtheupperllmitby theupper
limttof eitherthealrorfuelflowmeter.Thedatawerevery
reproducibleforluwfuel-atrratiosbutweresomewhatscatteredfor
mo~ethanabout2C-~eroentfuel. Qualitativetestsshowedthatfor
:lf.ghfuelconcentratio~blow-offdepended rathercriticallyonthe
form.oftieburnerlY.>.

—

Inthetransitionre~ionpreviously mentioned(Reynoldsnutiors
framapproximately2000to 2800)betweenlmlnarandturbulentflow
(refeuence4),theappearanceof theflameindicatedthattheflow
conditionswerecharacteristicofneitherregion.At thelower
limitofthetransitionzone,theflamewaslargelylamharin
character,but-occasionallybecamem.oment=ilyturbulent.me.
differencebetweenlami&randturbulent”flameuIsillustratedin
figure2. As theReynoldsnumberwasinc~eased,thefrequencyofthe’ 4.
turbulentflickersincreaseduntilattheupperlimitofthetransition

.
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zonetheflamewasturbulentmostofthetimeandonlyan occasional
laminarflickerindicatedthattheflowwasnotfullyturbulent.At
thelowerlimitofthetransitionzone,thecurveshavea sudden
changeinslopebecausea largeincreaseinfuel-airratioIs
necessaryto enabletheflametoremainseatedduringa turbulent
flicker.Thechangeinslopela lessabruptat theupperlimitof
thetransitionzone.

Datainreference1 indicatethatthefuelpercentagecorre-
spondingtoblow-offofa I&minerflameisrelatedtothevelocity
gradientat thetubewall,independentof tubediameter.An objet- ‘“”-
tiveofthisinvestigatZcnwastafindwhethera similart~G of
correlationexistsfarturbulentflows. -.

Forthecaseo?laminarflow,as outlinedinreference1,the
velooitygradientat thetubewallis

()‘dJ 8U
dyw=~ (1)

where

u localvelocity

Y normaldistancefromtubewall

Accordiryjtotheusualpictureofturbulentflow.inpipes,the
centralbodyofturbulentflewIssurroundedby a thinlamharfib
at thewall, Thiswallvelocitygradientisgivenby

where

.(2)

.

‘w velocityat inner boundaryof laminarfilm

6 thicknessof laminaz’film ..

lkm themathematicaldevelopmentinreference3 (pp.46 and85),it
canbe readilydeducedthat

(3)
●

✎
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where

lV constant(valueof10fromreference3,p. 85)

A pipefrictioncoefficient

v kinematicvlsooeityofgasIntube

()
Ontheba~isof equation(3), ‘u ad “~ appeartobe

Gw
equallymitablealternativevariablesforuseinplott~ thevaria-
tionoffuel-airratiofm blow-eff.ofturbulent-flms.becat~sev
isdependentonlyOQfuel-airratia.Becausothe”mainbodyof
turbulenceismxrrocndedby a lamirmrIa”yer,themixingcharacteristics“-
of leminarandturbulentflameserethesameinthemixingrqgion~uet
abovetheburnerlip, IfthissimilarityIsthecase,becausevoloci.ty,
gradientat thewallservesasa corrbla’tlngvariableforblow-offof
lamlnarflenms,itshould”alsac~rrelatxrtheblow-offofturbulent ●

flames. .

L%taoftheblow-offofbothlaminarandturbulentflames, -4
previouslypresentedinfigure4, havebeenplotted.infigure5 as
fuel-airratioa~instvelocitygradientiatthewall

()
&
dy~“ For

laminarflow,
()
$
~Yw

wascmuputedfromequation(1)andforturbul~nt

flow,fromequation(3). NotransitionflowdataareplottedtnfiC-
ure5 becausethevelocitygradientisdefinableforsuchflows The
turbulentdatacorrelatewellUp to a fliel-airratio”ofabout1!5per-
cent.Abovethisfuel-airratio,thecurvesforthesmallertubes
deviatetarardhi@er velocitygradients.Moreover,thelemlnardata
ovorlaptheturbulentdatawell,theextentofoverlapbeingfram A
to B infigure5. Because-thelamiriardataobtaineddo notextend
abovea fuel-airratioof6 percent,thecapacityofthewall
velocitygradientto correlateblow-offforcoficentrationsabove
6 percentandforlamlnarflowhasnotbeendetermined..

Thevariationoffuel-airratiofor
Uw isshowninfi~wee6. Thevelocity
averagegasspeedU by useof equation

%= NUfi

blow-offwithwallvelocity

?
wascomputedfrmnthe

( ) rowrittmnas —

andwiththeBlasiusequationfor A (reference3,p. 31)
~ 0.25

0
A = 0.316H

.c
,
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Thevariablewalllvelocityhasnomeaningforlaminarflow;henoe
itcanbe usedonlyforblow-offof turbulentflames:It isof
interesttoobservethattheblow-offcurveshavenegativeslopes
athighfuel-airratios,Plotsoffuel-airratioagainstaverage
velocityU wouldalsohavenegativeslopesinthisregion.This
differencefromfigure5 is causedby thevariationofkinematic

.

viscositywithpropaneconcentration.

Asa resultofthereasoningandthedata,thevelocitygradient
at thetubewallisconsideredtobe a moreusefulandperhapsa more
significantvariablethanwallvelocityforcorrelati~gthefuel-air
ratiofortheblow-offofBunsen-burnerflames.

CONCLUS1ONS

At sea-levelpressureandroomtemperaturesandfortubesof
3/16-to 9/8-inchdiameter~thefolkwingconclusionsmaybemade
concerningtheblow-offofpro?ane-airBunsen-burnerflames:

1.Thewallvelocitygradientissuccessfulin correlatingthe
fuel-airratioforblow-offforfullydevelopedpipeflows,l~i~
andturbulent,tofuel-airratiosof 15 percent.

2.Forturbulentfhwsjwallvelocitywillalsooorrelatefuel-
airratiotoblow-offforfuel-airratiosup to 15percent.

.

FlightPropulsionResesmhLaboratory,
NationalAdvisoryCommitteeforAeronautic%,

Cleveland.,Ohio,March21,1947.
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Figure I. - Diagram of experimental apparatus.
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[a) s-sated flame; turbulent flow
Reynolds number, 3770; fuel-
alr ratio, O. [83.

[b] Suspended flame; turk!lent
ffow; Reynold~ number, 3770;
fuel-air ratio, O. )93.

(c) Seated flwne; Ia’ninar flow
Raynolds number, BOO; fuei -
alr ratio, 0.135.

(d) ~spended flame; Ianlnar flow
Reynolds number, 1900; fuel -
alr ratio, O. 125.

Id Sstied fl me; Isnlnar fio~
Reynol da number, BOI; fuel-
al r rat 10, stolchiometrlc.

( f] Saated flmme; turbulent flow;
Reynoids number, 3773; fuel-
air ratio, stOlchiOmetric-

NACA
c-!5474

8.2-46

Figure 2. - Representativepropane-air flames obtained with
Bunsen burner of II+inch diameter.
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